1. Introduction {#sec1-ijms-19-01520}
===============

Capacitation, a physiological process in the sperm, was first described in the early 1950s \[[@B1-ijms-19-01520],[@B2-ijms-19-01520]\], in which the sperm resides in the female reproductive tract until it gains the ability to fertilize an egg. It is a complex change and is believed to be initiated by the removal of cholesterol from the sperm plasma membrane \[[@B3-ijms-19-01520],[@B4-ijms-19-01520],[@B5-ijms-19-01520],[@B6-ijms-19-01520]\], leading to changes in the membrane structure and fluidity and increase in the permeability of the sperm for calcium and bicarbonate ions. Subsequently, a series of downstream signaling occurs, including an increase in the levels of sperm intracellular calcium ion (\[Ca^2+^\]~i~) and pH, thereby activating adenylyl cyclase and leading to an increase in the intracellular levels of cyclic AMP (cAMP). The activation of cAMP-dependent protein kinase then induces tyrosine phosphorylation of a subset of sperm proteins \[[@B7-ijms-19-01520]\].

The seminal plasma is a mixture of secretions from the male accessory sexual glands, mainly containing seminal vesicle secretions. It has been shown to reverse sperm capacitation \[[@B8-ijms-19-01520]\]. Decapacitation factors (DFs) present in the seminal plasma can reverse sperm capacitation, i.e., change sperm from a capacitated to an uncapacitated status. These factors are removed from the sperm surface before or during the capacitation process \[[@B9-ijms-19-01520]\]. Several potential DFs have been identified in mice \[[@B10-ijms-19-01520],[@B11-ijms-19-01520],[@B12-ijms-19-01520],[@B13-ijms-19-01520],[@B14-ijms-19-01520]\], including SERPINE2 (serpin peptidase inhibitor, clade E, member 2) \[[@B13-ijms-19-01520]\].

SERPINE2, also known as glia-derived nexin or protease nexin-1, has broad antiprotease activity specific to serine proteases; e.g., trypsin, thrombin, plasmin, and plasminogen activator \[[@B15-ijms-19-01520]\]. SERPINE2 is widely expressed in various tissues, including the reproductive tissues \[[@B16-ijms-19-01520],[@B17-ijms-19-01520],[@B18-ijms-19-01520],[@B19-ijms-19-01520],[@B20-ijms-19-01520]\], with the highest levels found in seminal vesicles \[[@B13-ijms-19-01520],[@B20-ijms-19-01520]\]. It can be purified from the seminal vesicle secretion \[[@B13-ijms-19-01520]\].

Recent studies have demonstrated the ability of SERPINE2 to inhibit sperm capacitation by blocking the cholesterol efflux from sperm plasma membranes and suppressing the increase in the level of sperm protein tyrosine phosphorylation. These results suggested that SERPINE2 is a potential sperm DF \[[@B13-ijms-19-01520]\]. DF has been reported to have the ability of reversing the sperm capacitation process \[[@B8-ijms-19-01520]\]. In the present study, we investigate whether SERPINE2 can reversibly modulate sperm capacitation.

2. Results {#sec2-ijms-19-01520}
==========

2.1. SERPINE2 Binds to Both Capacitated and Uncapacitated Sperm {#sec2dot1-ijms-19-01520}
---------------------------------------------------------------

Incubation with bovine serum albumin (BSA) can induce capacitation in epididymal sperm \[[@B21-ijms-19-01520]\]. In the immunocytochemical staining analyses, SERPINE2 was shown to bind to the acrosome, mid-piece, and principal tail of the sperm. This binding was detected regardless of whether the samples were incubated with SERPINE2 before ([Figure 1](#ijms-19-01520-f001){ref-type="fig"}a) or after ([Figure 1](#ijms-19-01520-f001){ref-type="fig"}b) the BSA-induced capacitation. These results indicated that SERPINE2 can bind to both capacitated and uncapacitated murine sperm.

2.2. SERPINE2 Reverses BSA-Induced Protein Tyrosine Phosphorylation in Sperm {#sec2dot2-ijms-19-01520}
----------------------------------------------------------------------------

To assess whether SERPINE2 can reverse sperm capacitation, we first established the characteristic sperm protein tyrosine phosphorylation pattern for capacitated sperm. As shown in [Figure 2](#ijms-19-01520-f002){ref-type="fig"}, murine sperm cultured in modified Krebs-Ringer bicarbonate (mKRB) medium without BSA showed a basal level of sperm protein tyrosine phosphorylation ([Figure 2](#ijms-19-01520-f002){ref-type="fig"}a, lane 1). When cultured in medium supplemented with BSA, the sperm protein tyrosine phosphorylation level was significantly increased (lane 3). However, tyrosine phosphorylation was inhibited when sperm was incubated with SERPINE2 for 20 min before BSA supplementation (lane 2). To evaluate the effective time for SERPINE2 to reverse sperm from capacitated to uncapacitated state, the sperm were incubated with SERPINE2 for 60, 90, and 120 min after BSA-induced capacitation. Levels of tyrosine phosphorylation were significantly reduced with SERPINE2 incubation times of ≥60 min ([Figure 2](#ijms-19-01520-f002){ref-type="fig"}b).

To determine the effective dosage of SERPINE2 required to reverse sperm capacitation, sperm that had been capacitated by BSA for 90 min were incubated with SERPINE2. As shown in [Figure 2](#ijms-19-01520-f002){ref-type="fig"}c, SERPINE2 dosages of ≥0.1 mg/mL effectively inhibited BSA-induced tyrosine phosphorylation.

2.3. SERPINE2 Reversibly Modulates Sperm Capacitation {#sec2dot3-ijms-19-01520}
-----------------------------------------------------

To further evaluate the ability of SERPINE2 to reversibly modulate sperm capacitation, a morphological evaluation of capacitation using chlortetracycline (CTC) fluorescence staining was performed. As shown in [Figure 3](#ijms-19-01520-f003){ref-type="fig"}, control samples (incubated in medium only) exhibited the lowest percentages of capacitated sperm and were used as the baseline. BSA-treated samples had the highest percentages of capacitated sperm. Compared with BSA-treated samples, sperm capacitation was significantly inhibited in those treated with SERPINE2 before BSA supplementation. Once sperm had been capacitated by BSA, incubation with SERPINE2 for 30 min did not result in a significant change in the percentages of capacitated sperm. However, the percentages of capacitated sperm were significantly reduced in samples incubated with SERPINE2 for 90 min, indicating that SERPINE2 can reverse BSA-induced sperm capacitation.

Ca^2+^ influx is an early event in the physiological process of murine sperm capacitation \[[@B22-ijms-19-01520]\]. Compared with control samples, BSA-treated ones showed an increase in sperm \[Ca^2+^\]~i~ levels ([Figure 4](#ijms-19-01520-f004){ref-type="fig"}a,b). Samples incubated in medium supplemented only with SERPINE2 showed lower levels of \[Ca^2+^\]~i~ ([Figure 4](#ijms-19-01520-f004){ref-type="fig"}a); however, samples that were preincubated with SERPINE2 and then treated with BSA had significantly reduced sperm \[Ca^2+^\]~i~ levels ([Figure 4](#ijms-19-01520-f004){ref-type="fig"}b). To investigate whether SERPINE2 can reverse \[Ca^2+^\]~i~ levels in BSA-capacitated sperm, SERPINE2 was added after the sperm had been capacitated by BSA for 90 min. In these samples, sperm \[Ca^2+^\]~i~ levels were substantially reduced ([Figure 4](#ijms-19-01520-f004){ref-type="fig"}c). Sperm \[Ca^2+^\]~i~ levels were also reduced in samples that were incubated with SERPINE2 in medium without BSA ([Figure 4](#ijms-19-01520-f004){ref-type="fig"}d).

If SERPINE2 can reversibly modulate sperm capacitation, the acrosome reaction of the capacitated sperm must be inhibited. Compared with the control samples, BSA-capacitated samples showed higher percentages of acrosome-reacted sperm ([Figure 5](#ijms-19-01520-f005){ref-type="fig"}). Preincubation with SERPINE2 inhibited BSA-induced sperm capacitation and the subsequent acrosome reaction. In samples where spermatozoa were first capacitated by BSA and then incubated with SERPINE2 for an additional 90 min, the percentage of acrosome-reacted sperm was significantly reduced.

2.4. SERPINE2 Suppresses the Acrosome Reaction of Sperm Isolated from the Oviduct {#sec2dot4-ijms-19-01520}
---------------------------------------------------------------------------------

To examine whether in vivo-capacitated sperm collected from the oviduct can be reversibly modulated by SERPINE2, freshly flushed oviductal sperm were incubated with 0.2 mg/mL of SERPINE2 for 60 or 90 min, followed by addition of the A23187 ionophore to induce the acrosome reaction. Control samples of oviductal spermatozoa (without A23187 treatment) almost displayed intact acrosomes ([Figure 6](#ijms-19-01520-f006){ref-type="fig"}, white bars). However, the spermatozoa were readily induced to undergo the acrosome reaction by the addition of A23187 ionophore, with approximately 60% and 80% acrosome-reacted sperm populations after 60 and 90 min, respectively ([Figure 6](#ijms-19-01520-f006){ref-type="fig"}, red bars). In contrast, in samples incubated with SERPINE2 for 60 and 120 min and then treated with A23187, the percentage of acrosome-reacted sperm dropped to 15% and 50%, respectively ([Figure 6](#ijms-19-01520-f006){ref-type="fig"}, blue bars). These results indicated that SERPINE2 can reserve the oviductal sperm from an in vivo-capacitated form to an uncapacitated state.

3. Discussion {#sec3-ijms-19-01520}
=============

Preincubation with SERPINE2 was demonstrated to inhibit BSA-induced sperm capacitation events, including cholesterol efflux, increase in sperm protein tyrosine phosphorylation, subsequent acrosome reaction, and in vitro fertilization \[[@B13-ijms-19-01520]\]. While SERPINE2 can prevent BSA-induced sperm capacitation, it may not meet the definition of DF. In this study, we demonstrated that SERPINE2 reversibly modulated murine sperm from the capacitated to uncapacitated state, regardless of whether the sperm was capacitated in vitro or in vivo in the oviduct, thus suggesting that SERPINE2 could be a DF.

In rabbits, the seminal plasma contains DFs that can reverse the fertilization ability of capacitated sperm \[[@B8-ijms-19-01520]\]. The DFs can be removed by centrifugation of the seminal plasma \[[@B23-ijms-19-01520]\]. Various components of the seminal plasma, including peptides, proteins, and lipids, were suggested as candidate DFs \[[@B24-ijms-19-01520],[@B25-ijms-19-01520]\].

Transglutaminase crosslinks SVS2, a major protein in the mouse seminal fluid, with other seminal vesicle secretion proteins to form the copulatory plug that may prevent backflow of the sperm and may prevent further mating with other males \[[@B26-ijms-19-01520]\]. SVS2 was demonstrated to protect sperm from attack by uterus-derived cytotoxic factors \[[@B27-ijms-19-01520]\]. In addition, SVS2 has been reported to inhibit capacitation of mouse sperm by binding with the plasma membrane ganglioside GM1 to prevent cholesterol efflux from the sperm and was suggested to be a DF \[[@B28-ijms-19-01520]\].

In our study, capacitated sperm had to incubate with SERPINE2 for approximately 60--90 min to reverse capacitation. In contrast, capacitation reversal in rabbits was achieved in 30 min with seminal plasma treatment \[[@B8-ijms-19-01520]\] and in 45 min in mice with SVS2 treatment \[[@B28-ijms-19-01520]\]. Compared with these DFs, SERPINE2 does not seem to be an effective DF.

CTC staining using the fluorescent antibiotic chlortetracycline to monitor calcium-regulated changes on spermatozoa is a widely used method to examine the sperm capacitation status \[[@B29-ijms-19-01520],[@B30-ijms-19-01520]\]. In this study, we used CTC to evaluate the effect of SERPINE2 on reversal capacitation. Although it can analyze acrosome-reacted sperm, the acrosome reaction occurs spontaneously and is different from the physiological acrosome reaction. Sperm must first be capacitated and then be induced to undergo the physiological acrosome reaction \[[@B9-ijms-19-01520]\]. The acrosome reaction is a functional assay of capacitation; thus, when assessing SERPINE2's impact on capacitation, we can measure the acrosome reaction to reflect the capacitation status.

The effects of genital tract secretory substances such as proteins or hormones (estrogen and progesterone) on spermatozoa can be analyzed using CTC in combination with H33258 to characterize their capacitation status \[[@B31-ijms-19-01520]\]. The methods of assessing sperm capacitation status have been reported to apply to evaluate the fertility of large animals. Recently, Kwon et al. used CTC combined with H33258 staining to examine sperm capacitation status and applied it to evaluate boar fertility, showing an increased litter size in a field trial \[[@B32-ijms-19-01520]\]. They also showed that combined H33258/CTC staining might be used to predict male fertility in various pig breeds \[[@B33-ijms-19-01520]\].

When examining the effect of a protein on sperm capacitation, the distinct sperm protein tyrosine phosphorylation pattern is a good beginning. In this study, we applied the changes in levels of tyrosine phosphorylation to evaluate the effective dose and time range of SERPINE2 on reversal capacitation. Next, the experimental conditions were used for the subsequent CTC examination, sperm \[Ca^2+^\]~i~ analysis, and acrosome reaction evaluation. The results show similar trends with the tyrosine phosphorylation change, suggesting that SERPINE2 potentially is a DF.

SERPINE2 seemed potent to reduce sperm \[Ca^2+^\]~i~. Two plasma membrane proteins, i.e., Ca^2+^-ATPase and Na^+^-Ca^2+^ exchanger, export Ca^2+^ when sperm \[Ca^2+^\]~i~ is elevated \[[@B34-ijms-19-01520]\]. Whether SERPINE2 activates the calcium pumping activity when reversing sperm capacitation deserves further investigation.

It is well-known that protein tyrosine phosphorylation not only reflects the capacitation status of sperm \[[@B21-ijms-19-01520],[@B35-ijms-19-01520]\], but is also involved in various aspects of sperm function such as motility, capacitation, hyperactivation, the acrosome reaction, and fertilization \[[@B36-ijms-19-01520]\]. Tyrosine phosphorylation and phosphotyrosine proteins that regulate male infertility have been categorized and suggested to be applied in the diagnosis and prognosis of male infertility in mammal \[[@B36-ijms-19-01520]\].

Proteomics has been used to analyze changes in sperm proteins \[[@B37-ijms-19-01520]\]. Proteomic analysis also reveals changes in sperm physiology before and after sperm cryopreservation, including survival, movement, and capacitation \[[@B38-ijms-19-01520]\]. In comparing changes in protein post-translational modifications in BSA-capacitated and SERPINE2-reversed spermatozoa, the proteomic analysis may help clarify the relevant changes in sperm cells during capacitation.

Capacitation is unlikely to occur in the lower reproductive tract as capacitated sperm exhibit cholesterol efflux from their plasma membrane, leading to an increase in membrane permeability and increased likelihood of a spontaneous acrosome reaction. Capacitated sperm may thus lose the capability to fertilize an egg \[[@B4-ijms-19-01520]\]. It is believed that sperm capacitation occurs in the oviduct. As spermatozoa enter the oviduct, they dock on the isthmic epithelial cells where they wait for capacitation signals and then move forward to the ampulla of the oviduct, where fertilization takes place \[[@B39-ijms-19-01520]\]. Only capacitated sperm can be induced to undergo the acrosome reaction \[[@B9-ijms-19-01520]\]; capacitated sperm can bind onto and then be induced by the zona pellucida to undergo the acrosome reaction \[[@B40-ijms-19-01520]\]. A recent study used transgenic mouse spermatozoa labeled with enhanced green fluorescent protein in their acrosomes to trace the status of the acrosome reaction using fluorescence \[[@B41-ijms-19-01520]\]. The results suggested that the acrosome reaction occurs within the cumulus cells.

Previous studies have reported several potential DFs in the seminal plasma of mice \[[@B10-ijms-19-01520],[@B11-ijms-19-01520],[@B12-ijms-19-01520],[@B13-ijms-19-01520],[@B14-ijms-19-01520],[@B42-ijms-19-01520],[@B43-ijms-19-01520]\], rats \[[@B44-ijms-19-01520]\], and humans \[[@B45-ijms-19-01520],[@B46-ijms-19-01520],[@B47-ijms-19-01520]\]. These protein factors inhibit sperm capacitation in vitro when added prior to or simultaneously with capacitation inducers, such as BSA \[[@B10-ijms-19-01520],[@B11-ijms-19-01520],[@B12-ijms-19-01520],[@B13-ijms-19-01520],[@B42-ijms-19-01520],[@B43-ijms-19-01520],[@B44-ijms-19-01520],[@B47-ijms-19-01520]\], cAMP analogs \[[@B14-ijms-19-01520],[@B43-ijms-19-01520]\], or methyl-β-cyclodextrin \[[@B43-ijms-19-01520]\]. These factors show effective inhibition of sperm capacitation in vitro. However, such factors may not meet the definition of a DF \[[@B8-ijms-19-01520]\]. For example, two potential DFs glycodelin S \[[@B48-ijms-19-01520]\] and SPINKL \[[@B43-ijms-19-01520]\] were later reported to not exhibit DF activity because they could not reverse the capacitation of the oviductal sperm; these two capacitation inhibitors may be called sperm uncapacitation factors.

Only a small amount of seminal plasma, if present, can be detected in the oviduct \[[@B49-ijms-19-01520],[@B50-ijms-19-01520]\]. In humans, seminal plasma is thought to be excluded from the cervix \[[@B51-ijms-19-01520]\]. Thus, physiologically, DFs may not be present in the oviduct. Therefore, the DF in the seminal plasma may not act on the capacitated sperm but on uncapacitated sperm existing in the lower reproductive tract, thus preventing the premature capacitation of sperm and subsequent acrosome reaction. It is reasonable to propose that the decapacitation and uncapacitation factors in the seminal plasma protect the sperm from premature capacitation and thus preserve the fertilizing potential until the sperm reaches the oviduct.

Seminal plasma proteins do not enter the oviduct; however, some seminal proteins, such as PDC109 \[[@B52-ijms-19-01520]\] and SERPINE2 \[[@B13-ijms-19-01520]\], are carried by the sperm when entering the oviduct. SERPINE2 has been found on the surface of uncapacitated spermatozoa presented in the oviduct. However, SERPINE2 was gradually lost from the sperm surface membrane during the capacitation process. Once sperm had been capacitated, SERPINE2 was not detected on the sperm \[[@B13-ijms-19-01520]\]. Interestingly, SERPINE2 has been detected in the extracellular matrix of cumulus cells surrounding the oocyte \[[@B19-ijms-19-01520]\]; capacitated sperm must penetrate the cumulus cells to fertilize an egg. Cumulus SERPINE2 may not affect sperm capacitation due to the low levels at which SERPINE2 is found in the extracellular matrix of these cells \[[@B19-ijms-19-01520]\].

In conclusion, SERPINE2 reverses BSA-induced capacitation events of epididymal sperm, including the increase in levels of sperm \[Ca^2+^\]~i~ and protein tyrosine phosphorylation, and the subsequent acrosome reaction in vitro. It also prevented the acrosome reaction in in vivo-capacitated sperm isolated from the oviduct. Thus, SERPINE2 could reversibly modulate murine sperm capacitation.

4. Materials and Methods {#sec4-ijms-19-01520}
========================

4.1. Animals and Sperm Preparation {#sec4dot1-ijms-19-01520}
----------------------------------

Specific pathogen-free outbred ICR mice were purchased from BioLASCO Taiwan (Taipei, Taiwan) and housed under controlled lighting (14 h of light and 10 h of dark) at 21--22 °C with chow and tap water provided ad libitum. The care and use of experimental animals was reviewed and approved by the Institutional Animal Care and Use Committee of Mackay Memorial Hospital, Taipei, Taiwan (approval number: MMH-A-S-97043, 19 December 2009).

Male mice aged approximately 14 weeks were sacrificed, and the caudal epididymides were immediately removed. For each assay, four caudal epididymides removed from two mice were slit in 150 μL of prewarmed BWW media \[[@B53-ijms-19-01520]\], with the composition of 91.5 mM NaCl, 4.6 mM KCl, 1.2 mM KH~2~PO~4~, 1.2 mM MgSO~4~∙7H~2~O, 5.6 mM glucose, 44 mM sodium lactate, 20 mM HEPES, 0.2 mM sodium pyruvate, 25 mM NaHCO~3~, and 1.7 mM CaCl~2~∙2H~2~O, pH 7.4, and incubated at 37 °C in 5% (*v*/*v*) CO~2~ for 20--30 min to allow motile sperm to swim upward. After that, the upper layer 75 μL medium containing highly motile sperm was collected and the concentration was determined using hemocytometer (Superior Marienfeld, Lauda-Königshofen, Germany).

When collecting sperm from the oviduct, we followed previous reports and collected the sperm from the oviduct at 3 h after mating as approximately 60--80% of sperm can be induced to undergo the acrosome reaction at this time \[[@B12-ijms-19-01520],[@B43-ijms-19-01520]\]. Oviductal spermatozoa were collected by flushing both sides of the oviduct using 100 μL of phosphate-buffered saline (PBS) preheated to 37 °C filled in 1 mL syringe, and then used for the acrosome analyses.

4.2. Preparation of the SERPINE2 Protein and Its Antiserum {#sec4dot2-ijms-19-01520}
----------------------------------------------------------

Mouse seminal vesicle secretion (SVS) was collected by squeezing the seminal vesicle of adult male mice (12--16 weeks old) and fractionated by liquid column chromatography. The SERPINE2 protein was purified from the SVS and anti-SERPINE2 antiserum was prepared according to the previously published paper \[[@B13-ijms-19-01520]\].

4.3. Immunolocalization of SERPINE2 on Murine Sperm {#sec4dot3-ijms-19-01520}
---------------------------------------------------

Epididymal spermatozoa were transferred to Eppendorf tubes, suspended in BWW medium (\~10^6^ cells/mL), and incubated at 37 °C in 5% (*v*/*v*) CO~2~ in humidified air. BSA (3 mg/mL) was added to the suspensions to induce sperm capacitation. Spermatozoa were either incubated with BSA for 90 min and then exposed to SERPINE2 for 20 min or were first incubated with SERPINE2 for 20 min and then exposed to BSA for 90 min. Following incubation, the sperm were washed with PBS by centrifugation at 200 *g* for 10 min. The sperm were then smeared on slides, fixed in 4% (*w*/*v*) paraformaldehyde, and allowed to air-dry. The slides were rinsed with PBS, incubated in a blocking solution (PBS containing 10% (*v*/*v*) normal goat serum) for 1 h at room temperature, and then incubated for 1 h with either anti-SERPINE2 antiserum \[[@B18-ijms-19-01520]\] at 1:1000 dilution or with control antiserum at 1:100 dilution in blocking solution. After washing thrice with PBS for 5 min each to remove the excess antiserum, the slides were incubated for 40 min with TRITC-conjugated goat anti-rabbit IgG (1:500; Sigma-Aldrich, St. Louis, MO, USA). Next, the slides were again washed as previously described, counterstained with 5 µg/mL Hoechst 33258, and mounted in Prolong Gold antifade medium (Invitrogen Molecular Probes, Eugene, OR, USA) after briefly rinsing with PBS. The staining signal was visualized using an epifluorescence microscope equipped with a digital camera (Olympus DP 71, Tokyo, Japan).

4.4. Sperm Protein Tyrosine Phosphorylation {#sec4dot4-ijms-19-01520}
-------------------------------------------

During the capacitation process, protein tyrosine phosphorylation levels in the sperm increase \[[@B35-ijms-19-01520]\]. To examine whether SERPINE2 could reverse capacitation, approximately 5 × 10^6^ spermatozoa/mL were incubated in mKRB medium \[[@B54-ijms-19-01520]\] containing 105 mM NaCl, 2 mM KCl, 0.35 mM NaH~2~PO~4~, 1 mM MgSO~4~∙7H~2~O, 5.60 mM glucose, 10 mM HEPES, 18.5 mM sucrose, 1.1 mM sodium pyruvate, 20 mM NaHCO~3~, and 1.7 mM CaCl~2~∙2H~2~O, pH 7.4, supplemented with 3 mg/mL BSA, at 37 °C in an atmosphere of 5% (*v*/*v*) CO~2~ in humidified air for 90 min. Then, SERPINE2 was added to examine its ability to reverse capacitation by reversing the protein tyrosine phosphorylation levels. To evaluate the effective time to reverse phosphorylation levels, sperm were treated with SERPINE2 for 60, 90, and 120 min after they were capacitated in mKRB medium containing BSA. To evaluate the effective dosage, samples were treated with 0.05, 0.1, and 0.2 mg/mL of SERPINE2 at the effective incubation time. For contrast, additional samples were incubated with SERPINE2 for 20 min before BSA supplementation, as this treatment inhibited the increase in sperm protein tyrosine phosphorylation levels \[[@B13-ijms-19-01520]\].

After incubation, the soluble fraction of the sperm protein extracts was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% gel slab. Proteins on the gel were electrotransferred onto a nitrocellulose membrane. Western blot analyses were performed using an anti-phosphotyrosine antibody according to a previous method \[[@B35-ijms-19-01520]\].

4.5. CTC Fluorescence Assay for Sperm Capacitation {#sec4dot5-ijms-19-01520}
--------------------------------------------------

Sperm capacitation was morphologically evaluated using the CTC fluorescence assay \[[@B29-ijms-19-01520],[@B30-ijms-19-01520]\]. To assess the ability of SERPINE2 to reverse capacitation, freshly prepared epididymal spermatozoa (approximately 10^6^ cells/mL) were cultured in 50 µL of BWW medium. The sperm were incubated in a medium containing BSA (3 mg/mL), and SERPINE2 (0.2 mg/mL) was then added for an additional 30 or 90 min. The CTC fluorescence patterns, including the uncapacitated F form and capacitated B form, were examined using a digital camera on a fluorescence microscope (BX 40, Olympus, Tokyo, Japan). A random sample of 300 sperm per treatment group was evaluated.

4.6. Measurement of Sperm \[Ca^2+^\]~i~ {#sec4dot6-ijms-19-01520}
---------------------------------------

The levels of \[Ca^2+^\]~i~ in sperm were evaluated by the fluorescence probe Fluo-3 AM (Invitrogen Molecular Probes, Eugene, OR, USA). In brief, freshly prepared epididymal spermatozoa (approximately 2 × 10^6^ cells/mL) were incubated for 20 min with 5 µM of Fluo-3 AM in calcium-free BWW medium at 37 °C in the dark under 5% (*v*/*v*) CO~2~ in humidified air. Following incubation, the sperm cells were washed twice by centrifugation at 100× *g* for 5 min each to remove free Fluo-3 AM. To assess the ability of SERPINE2 to reverse BSA-induced Ca^2+^ influx, Fluo-3 AM-loaded sperm were incubated in BWW medium with BSA (3 mg/mL) for 90 min and then with SERPINE2 (0.2 mg/mL) for additional 90 min. After washing twice with PBS by centrifugation at 200× *g* for 5 min each, the sperm \[Ca^2+^\]~i~ levels were analyzed using a flow cytometer (FACScan; Becton Dickinson Biosciences, Mountain View, CA, USA).

4.7. Evaluation of the Acrosome Reaction {#sec4dot7-ijms-19-01520}
----------------------------------------

The acrosome reaction is a functional assay of sperm capacitation; only capacitated sperm can undergo this reaction \[[@B9-ijms-19-01520]\]. To evaluate the acrosome reaction, epididymal spermatozoa (2 × 10^6^ sperm/mL) were incubated in BWW medium with or without 3 mg/mL of BSA for 90 min as described above. To assess the ability of SERPINE2 to reverse BSA-induced sperm capacitation, SERPINE2 (0.2 mg/mL) was added, and samples were incubated for an additional 90 min after BSA-induced sperm capacitation. For contrast, additional sperm samples were preincubated with SERPINE2 for 20 min before BSA supplementation.

Generally, spermatozoa flushed from the oviduct readily undergo the acrosome reaction when induced by the A23187 ionophore \[[@B12-ijms-19-01520],[@B43-ijms-19-01520]\]. To assess whether SERPINE2 can reverse the capacitation of sperm isolated from the oviduct, freshly washed oviductal spermatozoa were separated into three parts separately for control, A23187 ionophore positive control, and SERPINE2 pretreatment, respectively. Oviductal spermatozoa were incubated with or without SERPINE2 (0.2 mg/mL) at 37 °C under 5% (*v*/*v*) CO~2~ in humidified air for 60 min or 120 min. The spermatozoa were then treated with 10 µM A23187 ionophore in 0.1% (*v*/*v*) dimethyl sulfoxide at 37 °C for 30 min, while the control group was not treated with the A23187 ionophore. They were then collected by centrifugation at 200× *g* for 10 min, smeared onto slides, and allowed to air-dry.

The slides with epididymal or oviductal spermatozoa were immersed in methanol for 1 min, washed three times in PBS for 5 min each, and stained with 10 µg/mL TRITC-conjugated peanut agglutinin lectin (PNA; Sigma-Aldrich, St. Louis, MO, USA) in dark for 30 min. The slides were again washed three times in PBS for 5 min each, after which the spermatozoa were counterstained with Hoechst 33258 (5 µg/mL) for 30 s, mounted with Prolong Gold antifade medium (Invitrogen Molecular Probes, Eugene, OR, USA), and assessed with a fluorescence microscope (BX 40, Olympus, Tokyo, Japan). A random sample of 300 epididymal sperm or approximately 100--300 oviductal sperm per treatment group was evaluated.

4.8. Statistical Analysis {#sec4dot8-ijms-19-01520}
-------------------------

Data are presented as the mean ± SD. Differences between treatment groups were analyzed using the one-way ANOVA, followed by Bonferroni post hoc test using GraphPad software (GraphPad, San Diego, CA, USA). *p* \< 0.05 was considered statistically significant.
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![Binding of SERPINE2 on the sperm. Live epididymal spermatozoa were first cultured with 0.2 mg/mL SERPINE2 for 20 min and then incubated with 3 mg/mL BSA for an additional 90 min (**a**) or vice versa (**b**). After washing by centrifugation, spermatozoa were transferred, air-dried, and fixed onto slides. Slides were incubated with anti-SERPINE2 antiserum, treated with tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG, and counterstained with Hoechst 33258 to localize the nuclei for contrast.](ijms-19-01520-g001){#ijms-19-01520-f001}

![Reversible modulation of sperm protein tyrosine phosphorylation by SERPINE2. (**a**) Epididymal spermatozoa were cultured in mKRB medium in the absence (control samples) or presence of 3 mg/mL BSA at 37 °C for 90 min to allow the sperm to undergo capacitation. The sperm were first incubated with SERPINE2 (0.2 mg/mL) for 20 min prior to the addition of 3 mg/mL BSA (SERPINE2 + BSA) or (**b**) first incubated with BSA for 90 min and then treated with SERPINE2 for an additional 60, 90, and 120 min (BSA + SERPINE2); (**c**) Same as (**a**,**b**); after 90 min of BSA incubation, the sperm were treated with various dosages of SERPINE2 for 90 min. To reveal sperm protein tyrosine phosphorylation levels, the sperm extract was separated by SDS-PAGE and electrotransferred to a nitrocellulose membrane. Western blotting was performed using an anti-phosphotyrosine antibody. The arrow indicates constitutively tyrosine phosphorylated sperm hexokinase as the internal loading control.](ijms-19-01520-g002){#ijms-19-01520-f002}

![Reversible inhibition of sperm capacitation by SERPINE2 as evaluated using CTC fluorescence staining. Epididymal spermatozoa were cultured in Biggers, Whitten, and Whittingham (BWW) medium in the absence (control) or presence of BSA (3 mg/mL) for 90 min at 37 °C to allow sperm to undergo capacitation. The samples were either incubated with SERPINE2 (0.2 mg/mL) for 20 min prior to addition of 3 mg/mL BSA (SERPINE2 + BSA) or incubated with SERPINE2 for an additional 30 and 90 min after 90 min of initial BSA incubation (BSA + SERPINE2). Sperm capacitation status was evaluated using CTC fluorescence staining. ^\#\#\#^ *p* \< 0.001 vs. control; \* *p* \< 0.05, \*\*\* *p* \< 0.001 vs. BSA.](ijms-19-01520-g003){#ijms-19-01520-f003}

![SERPINE2 reversibly inhibited the elevation of \[Ca^2+^\]~i~ levels induced by BSA. To detect sperm \[Ca^2+^\]~i~ levels, epididymal spermatozoa were preloaded with Fluo-3 AM. After washing, spermatozoa were either (**a**) cultured in BWW medium in the absence (control) or presence of SERPINE2 (0.2 mg/mL) at 37 °C for 20 min; (**b**) cultured with SERPINE2 (0.2 mg/mL) for 20 min first and then incubated with BSA (3 mg/mL) for an additional 90 min to allow the sperm to undergo capacitation, or incubated with (**c**) or without (**d**) BSA (3 mg/mL) for 90 min, followed by incubation with SERPINE2 (0.2 mg/mL) for an additional 90 min. \[Ca^2+^\]~i~ levels were measured by flow cytometry. The histogram shows the fluorescence intensity of sperm cells.](ijms-19-01520-g004){#ijms-19-01520-f004}

![SERPINE2 reversibly inhibited the acrosome reaction in sperm. Epididymal spermatozoa were cultured in BWW medium in the absence (control) or presence of BSA (3 mg/mL) for 90 min at 37 °C to allow the sperm to undergo capacitation. Sperm samples were either incubated with SERPINE2 (0.2 mg/mL) for 20 min prior to addition of 3 mg/mL BSA (SERPINE2 + BSA) or incubated with sperm for 90 min after an initial 90-min incubation with BSA to induce capacitation (BSA + SERPINE2). The acrosome reaction was induced by the calcium ionophore A23187. Sperm capacitation status was evaluated using PNA fluorescence staining. ^\#\#\#^ *p* \< 0.001 vs. control; \*\*\* *p* \< 0.001 vs. BSA, one-way ANOVA, followed by Bonferroni's post hoc test.](ijms-19-01520-g005){#ijms-19-01520-f005}

![SERPINE2 inhibited oviductal sperm capacitation. Freshly flushed oviductal sperm were preincubated with 0.2 mg/mL of SERPINE2 for 60 min (**a**, *n* = 5) or 120 min (**b**, *n* = 7) or without SERPINE2 and then treated with or without A23187 (control) at 37 °C for 30 min. The sperm were smeared on a slide and fixed with methanol for 30 s. The sperm acrosomal status was assessed using TRITC-conjugated PNA staining. ^\#\#\#^ *p* \< 0.001 vs. control; \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 vs. A23187.](ijms-19-01520-g006){#ijms-19-01520-f006}
